Background: Few studies have investigated the effects of exercise on modulation of host factors in cancer patients. We investigated the efficacy of chronic aerobic training on multiple host-related effector pathways in patients with solid tumours.
The past decade has witnessed a significant increase into investigation of structured exercise training across the entire cancer survivorship continuum (i.e., diagnosis to palliation) in a broad range of solid and haematological malignancies (Jones and Alfano, 2013) . Data from randomised trials demonstrate that exercise training (i.e., aerobic, resistance, or combination modality training) is a well-tolerated adjunct strategy associated with favourable improvements in a number of symptom control outcomes, including improvements in fatigue, physical functioning, and various aspects of quality of life, both during and following the completion of primary therapy (Speck et al, 2010; Jones et al, 2011 ).
An initially unanticipated but emerging additional potential benefit of exercise training is as a novel form of anticancer (adjuvant) therapy (Betof et al, 2013) . Intriguingly, preliminary data indicate, in general, an inverse independent relationship between higher levels of physical activity (an overarching term that includes exercise; exercise defined as purposeful physical activity with the goal of health improvements and cardiorespiratory fitness) and cancer-specific outcomes (as well as overall mortality) in patients with breast, prostate, or colorectal cancer (Ballard-Barbash et al, 2012; Betof et al, 2013) . Confirmatory phase II/III data are currently not available, although at least two large phase III trials are currently in progress with cancer-specific end points (i.e., progression-free survival) as the primary end point. Nevertheless, as with the development of all novel anticancer therapies, whether pharmacologic or nonpharmacologic, a critical pre-requisite to optimise the safety and potential efficacy is elucidation of the cancer cell intrinsic as well as the systemic/microenvironmental mechanisms of action. Such work will inform the selection of patients most likely to benefit from exercise treatment in subsequent trials, facilitating the shift towards personalised medicine (Betof et al, 2013) .
The current working model postulates that exercise may inhibit tumour progression and metastasis via modulation of the hosttumour interaction (Betof et al, 2013) . Tumour progression is regulated by complex, multifaceted interactions between the systemic milieu (host), tumour microenvironment, and cancer cells (Straussman et al, 2012) . The tumour microenvironment, whether in the primary or distant ectopic sites, is directly influenced and responsive to the plethora of circulating growth factors, cytokines and angiogenic factors, hormones, and other numerous cell types that comprise the systemic host milieu (McAllister et al, 2008; McAllister and Weinberg, 2010) . Indeed, higher circulating (systemic) levels of certain inflammatory cytokine and angiogenic factors (e.g., hepatocyte growth factor (HGF), tumour necrosis factor (TNF), and interleukin-6 (IL-6); Sheen-Chen et al, 1997; Zhang and Adachi, 1999; Sheen-Chen et al, 2005) as well as metabolic growth hormones (e.g., insulin, glucose, and leptin; Goodwin et al, 2012) are associated with higher risk of recurrence and cancer-specific mortality in a number of solid malignancies (Hursting and Berger, 2010) . These data therefore support the overarching view that aberrant production/ bioavailability of multiple growth factors in the circulation act in concert to promote a tumourigenic systemic milieu that, in an evolutionary-like manner, drives alterations as well as cooperating events in malignant and nonmalignant cells to drive tumour progression (Barcellos-Hoff et al, 2013) .
In noncancer populations, chronic aerobic (endurance) training via activation of a highly complex, dynamic, and orchestrated gene expression response is a potent modulator of multiple systemic factors including metabolic, immune-inflammatory, and reactive oxygen species pathways (Joyner and Green, 2009 ). These alterations act in concert to dramatically shift the global systemic milieu that, in turn, is postulated to mediate the remarkable pleiotropic benefits of regular exercise (Kodama et al, 2009; Lee et al, 2012) . As a logical extension, aerobic training may also effectively counteract or nullify the strong evolutionary selection imposed by a tumourigenic systemic milieu to inhibit tumour progression. To date, few studies have investigated the effects of aerobic training treatment on modulation of host factors (Betof et al, 2013) . The few available studies focus on a limited number of growth factors within an isolated pathway, principally the glucoseinsulin axis, with no clear conclusions at present (Betof et al, 2013) . As the host-tumour interaction is modulated by numerous hostrelated factors working in concert across multiple pathways, it is critical to investigate exercise treatment effects on these pathways simultaneously.
Against this background, here we extend prior work by investigating the effects of chronic aerobic training on modulation of multiple host-related effector pathways representing metabolic and immune-inflammatory mediators in patients with solid tumours undergoing cytotoxic and supportive care (i.e., synthetic erythropoietin) therapies. We hypothesised that aerobic training would cause favourable alterations in metabolic and immuneinflammatory pathways compared with usual care.
MATERIALS AND METHODS
Clinical trial patients and procedures. Full details regarding the parent clinical trial have been previously published (Courneya et al, 2008) . In brief, major eligibility criteria were: (1) histologically confirmed diagnosis of a solid malignancy, (2) haemoglobin (Hb) level between 80 and 100 g l , and (3) expected survival of Z3 months. Baseline level of exercise behaviour was not an eligibility criterion. Patients were randomised with an allocation ratio of 1 : 1 to: (1) synthetic erythropoietin (i.e., darbopoetin-a) usual care (n ¼ 29) or (2) synthetic erythropoietin with concurrent aerobic training (n ¼ 26), for 12 weeks. Study-related assessments were standardised such that the timing and exposure to synthetic erythropoietin was identical in both groups. The final synthetic erythropoietin infusion was provided at least 7 days before the postintervention fasted blood samples were acquired. Institutional review boards approved the trial and informed consent was obtained from all participants before initiation of any study-related procedures.
Synthetic erythropoietin treatment. All participants (n ¼ 55) were evaluated for synthetic erythropoietin treatment at a dose of 4.5 mg kg À 1 on weeks 1, 2, 3, 4, 5, 8, and 11. Synthetic erythropoietin was withheld if the patient's Hb concentration was Z140 g l À 1 for men or Z130 g l À 1 for women. Treatment was reinstated at 50% of the previous dose when the Hb level returned to o120 g l À 1
. Participants were instructed to maintain their usual exercise levels and not to initiate a structured exercise training programme.
Aerobic training treatment. The aerobic training prescription was developed using a nonlinear approach adhering to the principles of training, permitting the design of individualised prescriptions, with the aim of increasing peak oxygen consumption (VO 2peak ). A nonlinear approach sequences aerobic training sessions such that physiological stress is continually altered in terms of intensity and duration in conjunction with appropriate rest and recovery to optimise adaptation ( Figure 1A ). Aerobic training consisted of three supervised (stationary) cycle ergometry sessions per week, 20-45 min per session, at 55% to 100% of VO 2peak for 12 weeks. Aerobic training intensity was based on the workload (W) corresponding to a specific percent of VO 2peak (e.g., 55%, 65%) elicited during the prerandomisation or mid-point cardiopulmonary exercise test. VO 2peak was reassessed at week 6 (mid-point) to represcribe aerobic training. During all supervised sessions, training intensity and safety was monitored continuously via heart rate, and blood pressure was monitored at the beginning, middle, and end of each session. Adherence was calculated as the number of training sessions attended divided by the total number of planned sessions (i.e., 36). Aerobic training participants received the same dose and schedule of synthetic erythropoietin as the usual care group.
Blood collection. Participants (n ¼ 44) were instructed not to perform any exercise for at least 48 h before blood collection. Blood was collected between 0700 and 1000 h, after a 12-h water-only fast. Blood collection was standardised across all patients in terms of day of collection, before the initiation of any-study related interventions, but not cytotoxic therapy or darbopoetin-a administration. Two separate 8 ml EDTA blood samples were obtained. Blood samples were centrifuged at 750 g for 10 min and plasma and serum were aliquoted and stored at À 80 1C. Analysis of all effector candidates was performed in one batch by investigators blinded to group allocation.
Serum effector candidate analysis
Inflammatory cytokine and angiogenic factors. A total of 34 cytokine and angiogenic factors (Supplementary Table S1) were assessed in pre-and post-intervention serum using multi-spot ELISA-based assays on the Meso Scale Discovery (MSD) Sector Imager 2400 (Meso Scale Discovery, Rockville, MD, USA) using either a 30-plex human cytokine bead-based assay (Invitrogen, Carlsbad, CA, USA) on a Bio-Plex 200 Luminex bead array reader (Bio-Rad, Hercules, CA, USA) or Quantkine colorimetric sandwich ELISA kits (R&D Systems, Minneapolis, MN, USA). Briefly, assay beads were washed and added to pre-wetted 96-well plates. Incubation buffer was added to each well and 100 ml of standard curve proteins or 100 ml of diluted patient sample serum was added to appropriate wells. Plates were incubated for 2 h at room temperature on an orbital shaker and then washed. A 100 ml volume of biotinylated detector antibody was then added to each well, the plate reincubated for 1 h at room temperature on an orbital shaker, and then washed. A 100 ml volume of streptavidin-RPE was added to each well, then the plate was incubated for 30 min at room temperature on an orbital shaker, and then washed again. The plate was read on a Luminex Bio-Plex 100 liquid suspension array bead detector (Bio-Rad). All samples were run in duplicate and analyte concentrations derived using a five-parameter logistic model fit to the standard concentration curves.
Leukocyte phenotype (immune function). Fresh blood samples were centrifuged at 750 g for 10 min and the plasma fraction was removed and stored at À 80 1C. The buffy coat was removed, diluted with 1% BSA in PBS (Sigma-Aldrich Chemical Co., St Louis, MO, USA), layered on a Histopaque 1077 (Sigma-Aldrich) polysaccharide-sodium diatrizoate density gradient, and spun at 600 g for 30 min. The cells at the gradient interface were removed, washed, and then counted using Trypan blue exclusion for use in flow cytometry. Flow cytometry studies were performed using the following mouse anti-human monoclonal antibodies (BD Pharmingen, Mississauga, ON, Canada): CD3-FITC, CD4-PE, CD8-PE, CD45RO-FITC, CD45RA-QR, CD62L-APC, CD14-APC, CD20-FITC, CD16-PE, CD25-PE, and CD56-QR. Approximately 10 6 cells were aliquoted into pretreated V-well plates, incubated for 20 min in 2% human albumin to block Fc receptors, and then incubated for 30 min with antibodies, both steps occurring in the dark at 4 1C. Cells were washed twice with FACS buffer (4% FBS in PBS), fixed in 1% paraformaldehyde, and stored at 4 1C until analysed on a FACScan flow cytometer (BD Biosciences, Sunnyvale, CA, USA). Gating was done on forward/side scatter plots to isolate the peripheral blood mononuclear cell (PBMC) fraction and 10 4 cells were counted per patient. Matched isotype controls were used for each fluorochrome to determine thresholds for positive expression.
Metabolic profile. Seven conventional metabolites were assayed on a Beckman-Coulter DxC600 (Beckman-Coulter, Fullerton, CA, USA) clinical chemistry analyzer as previously described (Shah et al, 2012) . Metabolic hormones were measured using ELISAs from MSD (Gaithersburg, MD, USA) for insulin and leptin; and Beckman for insulin-like growth factor. Levels of 15 amino acids and 45 acylcarnitines were quantified using targeted mass spectrometry-based approaches, as reported previously (Shah et al, 2012) . For analysis, we used tandem mass spectrometry with a Quattro Micro instrument (Waters Corp., Milford, MA, USA). A nontargeted gas chromatography-mass spectrometry method was used to detect and quantify other metabolites not assessed via targeted approaches, as described previously (McNulty et al, 2011) .
Statistical analysis. In general, the data were not normally distributed and thus Wilcoxon rank-sum tests were used to compare differences in the central tendencies of the change from pre to post for each blood effector candidate between groups. As this analysis was exploratory, no adjustments to P-values were made for multiple comparisons. Hierarchical clustering was used to display the correlation among the metabolomics profiles from all processed samples, and from the differences calculated for pre and post pairs. All analyses were conducted under the intention-totreat (ITT) principle. The ITT analysis included all participants in their randomly assigned group, regardless of adherence to the intervention. False discovery rate (FDR)-adjusted P-values were estimated using the Benjamini and Hochberg (BH) method. A twosided significance level of 0.05 was used for all statistical tests. All statistical analyses were conducted using SAS version 9.2 (SAS Institute, Cary, NC, USA).
RESULTS
Baseline characteristics of the experimental groups were well balanced (Table 1) . Overall adherence to aerobic training treatment was 84%; the between-group delta change in cardiopulmonary function (i.e., VO 2peak ) was þ 4.1 ml kg À 1 min À 1 , favouring aerobic training (Po0.05; Figure 1B ), demonstrating that patients were exposed to a physiologically effective dose of aerobic training (Courneya et al, 2008) . Thus, this trial provided an appropriate per session, at 55% to 100% of peak oxygen consumption (VO 2peak ), on nonconsecutive days for 12 weeks. Aerobic training intensity was based on the workload (W) corresponding to a specific percent of VO 2peak (e.g., 55%, 65%) elicited during the prerandomisation cardiopulmonary exercise test and was designed to improve VO 2peak . Specifically, intensity is depicted by the coloured bars as a percentage of VO 2peak : (1) black 55-60%, (2) blue 65-70%, (3) orange 70-80%, and (4) red 100%. Greycoloured bars represent rest (off) days. In weeks 1-4, black and blue exercise sessions were B20-30 min in duration; in weeks 5 to 8, black and blue sessions were B30-45 min in duration, whereas orange sessions were for B20 to 25 min. In weeks 9 to 12, black and blue sessions were B30-45 min in duration, orange sessions were Z25 min, whereas red sessions consisted of interval sessions for 30 s at 100% VO 2peak followed by 60 s of active recovery at B50% VO 2peak for 10-20 intervals. context in which to conduct a correlative science study exploring the effects of aerobic training on the host systemic milieu.
Effects on cytokine and angiogenic factors. Changes in select cytokines and angiogenic factors are presented in Table 2 (and  Supplementary Table S1 ). Significant pre-post between-group differences for five cytokine and angiogenic factors (HGF, IL-4, macrophage inflammatory protein-1b (MIP-1b), vascular endothelial growth factor (VEGF), and TNF-a) favour the aerobic training group (unadjusted P'so0.05; Table 2 and  Supplementary Table S1 ). Specifically, HGF decreased by 74 pg ml À 1 ( À 24%) in the aerobic training group and increased by 69 pg ml À 1 ( þ 30%) in the usual care group (P ¼ 0.008); IL-4 decreased by 4 pg ml À 1 ( À 3.5%) in the aerobic training group and increased by 3 pg ml À 1 ( þ 2.6%) in the usual care group (P ¼ 0.012); MIP-1b decreased by 14 pg ml À 1 ( À 7.9%) in the aerobic training group and increased by 7 pg ml À 1 ( þ 4.6%) in the usual care group (P ¼ 0.034); VEGF decreased by 3 pg ml À 1 ( À 23%) in the aerobic training group and increased by 2 pg ml À 1 ( þ 1.2%) in the usual care group (P ¼ 0.043); and TNF-a concentration did not change (0%) in the aerobic training group and increased by 1 pg ml À 1 ( þ 50%) in the usual care group (P ¼ 0.046).
Effects on leukocyte phenotype. Changes in leukocyte phenotypes are presented in Table 3 . Analyses indicated nonsignificant pre-post between-group differences for T lymphocytes CD4 þ , CD8 þ , and CD8 þ /CD45RA (Po0.10; Table 3 ). For these factors, circulating concentrations generally increased from baseline to week 12 in the aerobic training group compared with decreases or no change in the usual care group. No significant changes were observed for B lymphocytes, NK cells, or monocyte phenotypes (Table 3) .
Effects on conventional and novel metabolic hormones. Analyses of conventional metabolites including triglycerides, ketones, nonesterified fatty acids, 3-hydroxybutyrate, and phosphate indicated nonsignificant pre-post group differences (Supplementary Table S2 ). Common metabolic hormones including glucose, IGF-1, insulin, lactate, and leptin also indicated nonsignificant pre-post group differences (Supplementary Table S2 ). Targeted mass spectrometry of 15 amino acids and 45 acylcarnities was unchanged between groups (Supplementary Tables S3 and S4 ). In addition, nontargeted mass spectrometry of 55 metabolites indicated nonsignificant changes between usual care and aerobic training (Supplementary Table S5 ). Wilcoxon rank-sum tests indicate whether the change in cell type and group levels over time is different between usual care (n ¼ 21) and aerobic training (n ¼ 23) groups.
DISCUSSION
Compared with usual care, chronic aerobic training significantly decreased systemic bioavailability of select cytokine and angiogenic factors that occurred in conjunction with nonsignificant changes in the number of select T lymphocytes in patients with solid tumours undergoing cytotoxic and synthetic erythropoietin therapy. Interestingly, the most robust changes were observed in pro-inflammatory cytokine and angiogenic factors; in general, aerobic training decreased concentrations of several cytokine and angiogenic factors, including significant decreases in HGF, IL-4, MIP-1b, VEGF, and TNF-a, compared with usual care.
Nevertheless, it is important to state that our data are exploratory/ hypothesis generating and by no means definitive. The limited studies to date investigating the effects of exercise training on cytokine and angiogenic factors have yielded divergent findings. For example, Jones et al (2013b) found no changes in C-reactive protein, IL-6, and TNF-a in early breast cancer patients following 6 months of aerobic exercise. Fairey et al (2005) also found no changes in several pro-inflammatory cytokines following 15 weeks of supervised moderate-intensity aerobic training in breast cancer patients after completion of primary adjuvant therapy. In prior work by our group, we found that supervised moderate-to high-intensity aerobic training significantly decreased plasma concentrations of placenta growth factor, IL-1b, and IL-2 in early breast cancer patients receiving conventional chemotherapy, relative to chemotherapy alone (Jones et al, 2013a) . Complex cross-talk exists between antitumour immunity and inflammation in malignant states (Lin and Karin, 2007) . A proinflammatory systemic milieu promotes multiple direct and indirect immunosuppressive processes including suppression of effector T-cell penetration and activation (in tumour beds; Mellman et al, 2011) . Thus, aerobic training may improve immune activation through suppression of inflammatory cytokine and angiogenic factors during cytotoxic therapy. In support of this notion, in the present exploratory study, aerobic training induced reductions in select cytokine and angiogenic factors that occurred in conjunction with a shift towards improvements, although nonsignificant, in the number of activated T lymphocytes. This may be important as T lymphocytes express death receptor ligands that trigger apoptotic machinery via death receptor binding (Cappello et al, 2002) . Further work investigating the impact of aerobic training on the dynamic interplay between immunity and inflammation in malignant states is warranted. Although our study represents the most comprehensive evaluation of the effects of exercise on circulating metabolic hormones, including the first to exploit metabolomics, we observed no changes in any metabolic intermediate; this is in contrast to well-characterised effects of aerobic training to improve (normalise) metabolic abnormalities in noncancer clinical populations (Umpierre et al, 2011) . Our null findings may reflect the relatively normal patient baseline metabolic profile (mean BMI 26 kg m À 2 ), the rapid clearance of circulating metabolic intermediates following an acute bout of aerobic training, or the masking effects of cytotoxic and/or synthetic erythropoietin therapy on aerobic training modulation of metabolic intermediates (Lewis et al, 2010) .
In addition, patients in our study were receiving cytotoxic therapy and darbopoetin-a that may have contaminated the effects of aerobic training-conditioned sera through perturbations in inflammatory cytokine response despite all chemotherapeutic agents being undetectable in peripheral blood within 1-2 h of infusion. Although exposure of in vitro or in vivo models of breast cancer to erythropoietin causes minimal alterations in phenotype, the addition of synthetic erythropoietin with aerobic training may affect additional systemic factors not measured in this study (LaMontagne et al, 2006) . As such, caution is required when interpreting our findings, given the heterogeneous nature of our study sample, the fact that type and timing of cytotoxic therapy was not controlled between groups, and the small sample size.
On the current evidence base it is difficult to draw clear conclusions regarding the efficacy of aerobic training as an effective strategy to modify a proinflammatory (tumourigenic) host milieu. The inconsistent nature of available evidence is not, however, surprising given the large interpatient basal variation in systemic effector profile and the highly variable and adaptive systemic response to aerobic training. In addition, comparisons between studies are difficult given the inclusion of patients with different tumour types, prior or concurrent cytotoxic/supportive care therapy, and differences in the aerobic training prescription (i.e., intensity, length, frequency, and duration of training). Conduct of exercise-oncology trials with assessment of a homogenous panel of candidate correlative biomarkers, in homogeneous cohorts, will permit identification of peripheral blood-based biomarkers altered by aerobic training. In the long term, these efforts will lead to predictive biomarkers correlating with aerobic training response that in turn will enable selection of patients most likely to benefit from this treatment, as well as improve the development of more effective aerobic training prescriptions or combinational approaches to optimally alter peripheral blood-based biomarkers.
In conclusion, our exploratory findings suggest that supervised aerobic training may be one strategy to modulate select systemic immune-inflammatory candidate effectors in patients with solid tumours undergoing cytotoxic and synthetic erythropoietin therapy. If confirmed, modulation of these effectors could have implications for cancer progression, recurrence, and/or response to therapy.
